Recent experiments on ion irradiation of carbon nanotubes have revealed a wealth of intriguing phenomena. However, in spite of the experimental progress, the production of irradiation-induced defects in multiwalled nanotubes (MWNTs) and their properties are not yet well understood. By employing molecular dynamics with analytical potentials we simulate irradiation of MWNTs with various noble-gas ions and calculate the ion ranges as a function of ion energy. We also use the conventional binary collision stochastic approach to estimate the ranges and compare the results obtained through the two methods. We further characterize the irradiation-induced defects which appear in MWNTs under both single ion impacts and high-dose bombardment. We finally study if, similarly to carbon onions, irradiation can give rise to transformations of nanotubes to nanodiamond rods and demonstrate that such transformations do not occur in MWNTs due to their tubular structure.
I. INTRODUCTION
Since their discovery in 1991, 1 carbon nanotubes (CNTs) have been envisaged to be the building blocks of a variety of nanoscale devices and materials. For instance, due to their inherent nanometer-size and ability to be either metallic or semiconducting depending on the wrapping angle, 2 CNTs can be utilized in nanoelectronics. Excellent mechanical characteristics 2, 3 of CNTs suggest their use as structural reinforcements. There are many other promising applications of CNTs. 2, 3 However, to fully exploit all the CNT potentials, effective means of tailoring CNT properties must be developed.
Irradiation of materials with beams of energetic particles (ions and electrons) is a standard and important tool for modifying material properties. Irradiation makes it possible to introduce foreign atoms into the sample, create local amorphous regions or, vice versa, recrystallize the lattice. Depending on the type of the irradiated material and on the characteristics of energetic particles, many other irradiationmediated modifications are possible.
Irradiation has recently been used to alter the properties of CNTs and thus achieve the wanted functionality. For example, 50 keV Ga + irradiation of multiwalled nanotubes (MWNTs) gave rise to the formation of highly ordered pillboxlike nanocompartments in the tube interior and to changes in the electrical properties of irradiated MWNTs. 4 
Ga
+ beams have also been used for thinning, slicing, and welding MWNTs at precise locations along the nanotube axis, 5 and Ar + beams for enhancing the field emission 6 from MWNTs and making MWNT-based quantum dots 7 as well as single-electron inverters. 8 Irradiation-induced changes in the electrical transport properties have been reported for single-walled nanotubes (SWNTs) (Refs. 9-11) as well, which might be important for further progress in carbon-based electronics. Moreover, due to their inherent nanometer-scale and the unique ability to heal the irradiation-induced damage by saturating dangling bonds, 12 SWNTs can be welded together by an electron 13 or, in principle, ion 14 beam to form molecular junctions and multiterminal heterostructures. Ion irradiation can also be used for chemical functionalization of nanotubes 15 and for producing amorphous diamond-nanotube composites. 16 Experiments also show that ion bombardment with CNTs as masks against irradiation (to protect the areas under the tubes from sputtering) may be employed for fabricating ultranarrow metal nanowires 17 as an alternative to the conventional electron-beam lithography.
However, even though irradiation is routinely used nowadays for modifying material properties, effects of ion irradiation on CNTs have not yet been fully understood, as the damage creation mechanisms in CNTs substantially differ 18 from those in bulk carbon systems (graphite and diamond), not to mention traditional metals or dielectrics. The knowledge of the microscopic structure of irradiationinduced defects in MWNTs is particularly poor. Although effects of ion irradiation on the electronic characteristics of MWNTs have been studied, 4, 7, 8, [19] [20] [21] the types of defects have not yet been experimentally characterized at the atomic scale. There is also very little information on the ranges of different ions in MWNTs. Finally, at the moment there exists no comprehensive explanation for many irradiation-mediated phenomena, e.g., formation of pillboxlike nanocompartments in the tube interior. 4 In this paper, we theoretically study irradiation effects in MWNTs. Although production of defects in SWNTs has received considerable attention 14, [22] [23] [24] [25] because of the simpler geometry of SWNTs, the damage creation and stopping of energetic ions in MWNTs has not yet been systematically addressed. By employing atomistic computer simulations, we simulate production of defects in MWNTs, and analyze the structure of defects after both single impact of an energetic ion and high-dose irradiation. Because knowing ion ranges in MWNTs has considerable practical importance, we estimate the ability of MWNTs to stop energetic noble-gas ions and consider effects of the highly anisotropic tube atomic structure on the ion ranges and defect distribution.
Finally, since irradiation-induced graphite-to-dimond transformations have been observed in experiments [26] [27] [28] on irradiation of carbon onions-another carbon system with graphitic atomic structure-we address the question whether such transformations can also occur in MWNTs.
II. SIMULATION METHODS
In order to shed light on the behavior of MWNTs under ion irradiation, we utilized classical molecular dynamics (MD) (Ref. 29) with analytical potentials, currently the only method both fast and realistic enough to study production of defects under irradiation in systems consisting of a large amount of atoms while taking explicitly into account the arrangement of atoms in the sample and chemical bonding between them.
Unless specially noted, the interaction between the carbon atoms in the nanotube graphite network was modeled with the Brenner II interatomic potential. 30 The Brenner potential was smoothly joined at short interatomic separations with a repulsive potential calculated by density-functional theory methods. 31 The computationally intensive four-body part of the potential was omitted because it is not of significant importance in these kinds of impact simulations. 22, 25 The Brenner potential does not take into account van der Waals-type (vdW) interactions between the MWNT shells. Thus, although one can expect that vdW interactions with the typical energies ϳ0.05 eV/ atom should play a minor role in collisions of ions and energetic recoils with energies of hundreds of eV, we also employed the Stuart adaptive intermolecular reactive empirical bond order (AIREBO) potential for hydrocarbons. 32 The AIREBO model is not just a sum of a short-range covalent potential and a pair-wise van der Waals term. The individual atoms in this model are not constrained to remain attached to specific neighbors, nor to maintain a particular hybridization. Depending on the local atom environment and atom separation, the long-range interaction is switched on/off, which enables the simulation of chemical reactions and defect configurations for which the interplay between covalent and long-range interactions might be important. The interaction between the ions considered (He, Ne, Ar, Kr, and Xe) and the carbon atoms was modeled with the Ziegler-Biersack-Littmark universal repulsive potential. 33 We considered MWNTs composed of armchair nanotubes with chiral indices chosen to provide the intershell separation of 0.32-0.34 nm. 2 We did not study MWNTs composed of nanotubes with other chiralities, since the behavior of CNTs under irradiation depends on the chirality 25 only weakly. We considered only freestanding nanotubes suspended by their ends. Unless specially noted, we randomly chose the ion impact point over the nanotube surface, but the original ion velocity vector was perpendicular to the tube axis. To avoid reflection of pressure waves from the edge of the system, we fixed the boundary atoms and utilized Berendsen temperature quenching 34 at the borders of the system during the ion impact. When the collisional phase was over, the velocities of all atoms were slowly scaled to zero. The lengths of our nanotubes was between 5 and 20 nm. The irradiation simulations were carried out at zero temperature, as we earlier demonstrated that temperature effects are not significant for primary damage production in carbon nanotubes. 25 Other details of our simulation methods can be found in Refs. 14, 22-25, and 35.
We also used the standard program SRIM (Ref. 36) to compute ion ranges in MWNTs. Contrary to molecular dynamics, the SRIM code does not explicitly take into account the nature of chemical bonds in the system, but stochastically models the interactions between energetic particles within the binary collision approximation. Also, SRIM treats the irradiated sample as an amorphous structure. Due to these simplifications, the code makes it possible to simulate stopping of energetic ions on micrometer scale, which is beyond the reach of MD because of computational limitations. Thus, the code can be used for higher ion energies (up to the GeV range) which require large simulation cells due to the large typical distance the ions travel in the system before stopping. However, its accuracy remains questionable, especially for highly anisotropic systems and low ion energies. At the same time, SRIM has been used 4 for evaluating the ion ranges in MWNTs, although its applicability to this problem is not obvious a priori. In this paper, we compare our MD simulation results with the corresponding SRIM calculation data to elucidate the applicability of SRIM for simulating ion ranges in CNT samples.
III. RESULTS AND DISCUSSIONS

A. Ion-irradiation-induced defects in MWNTs
The typical atomic network of a six-shell MWNT after the impact of a Xe ion with energy E i = 1.25 keV is shown in Fig. 1(a) . The impact resulted in the formation of vacancies on the walls of the MWNT and interstitial atoms between the shells. The vacancies can form new vacancy-related defects by saturating some of the dangling bonds. 12, 22, 23, 37, 38 For a single vacancy, this reconstruction results in the appearance of a pentagon ring accompanied by moving of the dangling bond atom out of the shell by 0.5-0.7 Å, similar to vacancies in graphite, 39 see Fig the adjacent shells (which is frequently the case especially for heavy ions such as Xe), the protruding atoms can give rise to covalent bonds between the shells as in graphite. 40 Carbon interstitials and interstitial clusters formed due to interstitial diffusion can also bridge the adjacent shells in MWNTs. Irradiation also results in sputtering of carbon atoms, especially in the irradiation direction. A more detailed analysis of the impacts showed that when an energetic ion collides with the nanotube, it first transfers energy to one-to-three atoms in the uppermost shell, thus creating several primary carbon recoils and a single-or multiple-atom vacancy. The energetic C recoils then produce more recoils as they collide with carbon atoms in other shells, creating more damage together with the ion. As a result, an amorphous region can be formed.
Note that although vacancies can saturate dangling bonds by forming nonhexagonal rings and reducing locally the tube diameter, 12 experiments on irradiation of MWNTs with 3 keV Ar ions followed by x-ray photoelectron spectroscopy and transmission electron microscopy (TEM) probing 19 demonstrated that some carbon dangling bonds were still present, which can be understood in terms of metastability of single-and multiple-atom vacancies. 37 TEM investigations of MWNTs irradiated with energetic electrons 28 also indicated that point defects and amorphous regions did not anneal at room temperatures, which is quite different from the behavior of point defects in typical semiconductors and metals. In semiconductors like Si a majority of all Frenkel pairs produced are known to recombine below room temperature. 41 In dense metals, nearly all the interstitials and vacancies produced during the ballistic phase of the cascade recombine with each other after only a few picoseconds, regardless of the sample temperature. 42 To quantitatively characterize the damage produced by ions in MWNTs with different number of shells, we calculated the coordination defect numbers in single-, double-and triple-walled CNTs after impacts of Ar ions with energies up to E i = 1.1 keV. The coordination defect number is simply the number of carbon atoms with coordination other than three. Recall that in a pristine nanotube all carbon atoms are threefold coordinated (have three nearest neighbors). Thus, the number of atoms with coordinations other than three (atoms near defects) represents a deviation from the pristine atomic structure, i.e., the damage produced in the CNT by the ion.
In Fig. 2 we plot the coordination defect numbers as functions of E i for CNTs with one, two, and three shells. One hundred impact events were simulated for every energy considered, and the results were averaged. It is evident from Fig.  2 that at low ion energies the damage quickly increases with E i , as all the ion energy is deposited in the CNT. However, at higher energies the damage increases more slowly, and finally saturates to a certain value which depends on the number of shells in the MWNT. The reason for such behavior is that at high E i the nuclear collision cross section for defect production drops (see below) and the ion transfers only a part of its energy. To put it in a different way, the ion goes too quickly through the CNT for efficient momentum transfer (unless we have, of course, a head-on collision with one of the carbon atoms, but these events are rare). The damage production in MWNTs is qualitatively the same as in SWNTs, 23 but the number of defects is higher due to a larger number of atoms and thus a higher probability for energy transfer. With respect to high-dose irradiation of MWNTs, one of the most intriguing questions is the possibility of forming diamond nanorods by irradiating the tubes. It is known that high-dose electron 26, 28 and ion 27 irradiation of carbon onions whose atomic network also consists of carbon atoms in the sp 2 hybridization, gives rise to the formation of diamond nanocrystals in the onion cores. Because the transformation of graphitelike material to diamond is of considerable technical importance and since diamond nanorods are expected to have unique properties, 43 it is interesting if such transformations can occur in MWNTs under irradiation.
B. High-dose ion irradiation
To study the behavior of MWNTs under high-dose ion irradiation, we carried out simulations as follows. First an argon ion impact on a MWNT with three shells was modeled as discussed above, then the system temperature was raised to T = 2000 K and kept for 45 ps, then the system was gradually quenched to 0 K. After that the same procedure was repeated until a desired irradiation dose was obtained. By keeping the system at high temperatures, we partly accounted for annealing of defects at room temperatures, but at macroscopic time scale. The quenching of the system was necessary as we aimed at simulating low-temperature irradiation. One hundred consecutive impacts were modeled, which corresponded to a dose of ⌽ = 0.701ϫ 10 15 cm −2 . The incident energy of the argon ion was chosen to be E i = 1 keV. Due to computational limitations, only six independent runs were carried out, then the results were averaged.
The simulation showed that the damage created in the nanotube quickly increases with the irradiation dose, see Fig.  3 . However, at higher irradiation doses the defect numbers saturate toward a constant value. This is because at a certain irradiation dose the system has reached a degree of disorder so large that an incoming energetic ion will not change the internal total coordination numbers substantially. The average bond angle decreased with the dose and saturated toward a value of Ϸ114°(see Fig. 4 ) at higher doses, which is closer to the bond angles in diamond ͑109°͒. However, a more detailed coordination and angle analysis showed no evidence for sp 3 hybridization. We also performed analogous calculations using the Stuart potential. Both simulations gave qualitatively similar results, thus implying that the weak van der Waals interaction between the shells of the MWNT does not play a significant role in these kinds of irradiation processes. Moreover, due to defect-mediated bonds between the shells, the vdW part of the potential is practically switched off already at a dose of 0.2ϫ 10 15 cm −2 . The differences in coordination defect numbers and angles originated mostly from different parametrizations of the covalent short-range part of the potentials.
The absence of the graphite-to-diamond transition can be associated with the tubular shape of MWNTs. For both MWNTs and onions, the pressure in the inner parts of the system increases due to "mending" the vacancies in the graphitic shells and thus decreasing the shell diameter as well as due to growing concentration of carbon atoms in the interior of the tube. However, carbon interstitials, unlike interstitials in spherical onions, can easily migrate away from the regions with the elevated pressure. Thus, the irradiation-mediated increase in pressure proves to be insufficient for the transformation. Experiments 19, 20 on ion irradiation of MWNTs did not provide any evidence for sp 3 hybridization either. Note that Tersoff-like potentials for carbon seem to overestimate the migration barrier for carbon interstitials. 44 Thus, in reality the escape rate of interstitials from the regions with increased pressure may be even higher than in our simulations. However, even with some "extra" interstitials, we did not observe any evidence for the transformation.
C. MD simulations of stopping of energetic ions in MWNTs
Understanding the ability of MWNTs to slow down energetic atoms and ions is important for several potential applications. Specifically, MWNTs can work as masks 17 against irradiation, or the other way around, for spatially selective ion implantation into areas of the substrate not covered by the tube. An important issue is thus to know the penetration depth of an ion with a certain energy into the MWNT.
In order to estimate the ability of MWNTs to stop energetic ions of different masses, we performed MD simulations as described earlier, by modeling irradiation of nanotubes consisting of one to six shells. Various noble gas ions were considered. For every impact event we calculated the number of recoils (both carbon and ion) with energy E Ͼ 50 eV which appeared under the nanotube. Recoils with lower energies should create very little damage in the substrate under the tube and can essentially be discarded. We performed 100-300 simulation runs for each ion energy and CNT considered and averaged the results.
The average number of energetic recoils per incoming Xe ion as a function of the incident ion energy is presented in Fig. 5 . As can be seen, the recoils appear at a certain threshold energy E th which depends on the number of shells, then the number of recoils increases with the incident Xe ion energy. The same behavior has been previously reported for Ar ions. 35 We stress that E th (the minimum energy for recoils to appear under the tube) is a quantity different from the displacement energy (the minimum kinetic energy which should be transferred to a carbon atom to leave its original position in the nanotube atomic network without immediate recombination).
We ran similar simulations for other noble-gas ions. From our data, we estimated the threshold energy needed to produce energetic recoils under the nanotube. E th as a function of the number of shells, or correspondingly, the outer diameter, is given in Fig. 6 . To ease comprehension, we did not show in Fig. 6 the error bars resulting from the statistical errors in linear approximation of the MD data presented in Fig. 5 .
It is seen from Fig. 6 that in the energy range considered, the threshold energy grows linearly with the number of shells for each ion. It is also evident that the threshold energy does not increase monotonically with the mass of the ion. E th for Xe, the heaviest ion, lies between the respective values for Ne and Ar. But in general, apart from Xe, E th increases with the mass of the ion, as expected. The threshold energies for He are much lower than for any other ions considered.
In order to understand such a behavior, in Fig. 7 we plot the cross section for the defect production as a function of the energy of incident ions. 45 We evaluated the cross sections S = p 2 for different ions by calculating the maximum impact parameter p for which an ion transfers at least 25 eV (the minimum kinetic energy for displacing an atom in the nanotube in our MD model) to a C atom in a binary collision (see Eqs. 2-62, and 2-64 in Ref. 33) .
As shown in Fig. 7 , the cross section for He is very small, which explains why the threshold energy is so low in the case of He irradiation. Basically, it means that He ions easily go through the tube and hit the substrate directly. However, it should be pointed out that our MD simulations take into account the nuclear stopping only, while for He the electronic stopping should be essential even for energies below 1 keV. Thus, one can expect somewhat higher values for E th .
It is also evident from Fig. 7 that for low ͑Ͻ0.2 keV͒ energies the cross section for Xe is smaller than those for Ar and Kr, which gives rise to lower values of E th . In general, the cross sections averaged over the energy range of 0 -1 keV are roughly the same for all ions (except for He). Thus, the difference in E th for ions with the same energy but different masses is relatively small-about 30%, although Xe is much heavier than, e.g., Ne. However, since at high ͑Ͼ5 keV͒ energies the cross section is directly proportional to the ion mass (see Fig. 7 ), one can expect that the threshold energy should also scale linearly with the ion mass. Due to computational limitations on the simulation time and the size of the system (which should be much larger at high ion energies as the ion penetrates deeper into the system), we were unable to access high ion energies with MD. Instead, we used the binary collision approach implemented in the simulation code SRIM, see below.
The data presented in Fig. 6 can also be used for evaluating the ion ranges in MWNTs. The maximum penetration depth of energetic recoils is, in general, different from the ion range. Although, as mentioned above, a 50 eV recoil creates very little damage which at room temperature can easily anneal, the ion can penetrate slightly deeper into the sample. Thus, the data presented in Fig. 6 are the lower bound on the ion range. This implies that, e.g., a Kr ion with an energy of 1 keV will penetrate through Ϸ12 graphitic layers (six shells) or a bit more before complete stopping, which corresponds to ϳ4 nm. Detailed analysis of the maximum penetration depth of C energetic recoils and ions for different impact energies and various ions showed that maximum penetration depths of energetic recoils and ion ranges are indeed close to each other.
Finally, to understand the effects of the nanotube tubular structure on the ion ranges, we considered off-normal (with respect to the tube axis) incidence of ions. We simulated impacts of 1 keV Ar ions on a (10,10) SWNT. The impact points were randomly chosen. Various angles of incidence were considered, see the inset in Fig. 8 . We evaluated the average distance the ion travels inside the tube during a finite-time simulation. In Fig. 8 we present the reduced distance (a ratio of the traveled distance to the tube diameter) as a function of angle . It is evident that for Ͻ 50°the ion easily penetrates right through the tube, while for Ͼ 50°the ion remains inside the tube and travels along the tube axis tens or even hundreds of nanometers with a very small loss of energy ͑ϳ1 eV͒ per every collision with the SWNT wall. Note that at the normal incidence the 1 keV ion goes no more than 5 nm deep into the MWNT, see Fig. 6 . Thus, the actual penetration depth into the nanotube sample can be much more than the corresponding value for the case of ion normal incidence.
D. Ranges of energetic ions in MWNTs calculated within the framework of the binary collision approximation
As mentioned above, the standard program SRIM (Ref. 36) which treats the irradiated sample as an amorphous structure can be used for estimating the ion ranges at ion energies inaccessible in MD simulations. Thus, we also employed the SRIM code to calculate the maximum penetration depth of ions with different masses into a carbon sample. We let the sample have the same density as the typical MWNT in our MD simulations, and let the displacement threshold for a carbon in the network be E d =25 eV (the threshold energy for displacing an atom in the nanotube in our MD model), otherwise we used the default input parameters. We also varied all input parameters to see if the results were sensitive to the choice of values. No significant sensitivity was observed.
We ran two different sets of SRIM simulations. In the first set, for the direct juxtaposition with the MD simulations described above we varied the sample thickness and determined the one needed to slow down an energetic ion to 50 eV. This thickness can be interpreted as the maximum penetration depth of energetic ions/recoils, or the maximum damage range. The maximum penetration depths of ions still having an energy of 50 eV as a function of ion energy are presented in Fig. 9 . It is evident that the SRIM results are in line with the MD data. The difference between the corresponding MD and SRIM data is about 30%. As in the MD simulations, for low ion energies the penetration depth of Xe ions is higher than for Ne and Ar, which can also be understood in terms of the behavior of the cross section for the nuclear stopping.
In the second set of our SRIM simulations we calculated the ion ranges by defining the range, as usual, as the maximum penetration depth of the ion into a macroscopically thick sample for different noble-gas ions with energies up to 20 keV. The results are given in Fig. 10 . At high ion energies ͑E i Ͼ 1 keV͒ both types of simulations gave essentially the same results. For E i Ͻ 1 keV the second set of imulations gave slightly higher ranges, as expected.
The reasonably good agreement between the MD and binary collision results indicates that the SRIM code can be employed for estimating the ranges of ions inside MWNTs provided that the initial velocity vector of the ion is perpendicular to the tube axis. One can expect that for higher ion energies the SRIM code should work even better, as the atomic structure of the sample becomes less important.
However, for off-normal ion incidence the ranges could be several orders of magnitude larger due to high anisotropy of CNTs and open channels inside the MWNTs, especially in their inner hollow parts. Thus, the stochastic approach and binary collision approximation can hardly be used in this case. This is not surprising, since the SRIM code neglects the atomic structure and thus it cannot take into account the channeling effects, although these effects can be very important in ion propagation through CNTs, especially for high ion energies. 46, 47 Note that macroscopic CNT samples usually are agglomerations of randomly aligned CNTs as, e.g., in the row product or purified nanotube bucky paper. 48, 49 Thus, the actual ranges of ions, i.e., how deep the ions penetrate into the sample can differ from the ion ranges inside the tubes due to ion channeling. Moreover, since the averaged sample density can be two to three orders of magnitude lower than the density of nanotubes due to the voids between tangled or even aligned CNTs, it is difficult to estimate the ion ranges with respect to the sample surface. Instead, it is more expedient to speak about ranges of ions inside MWNTs or SWNT bundles.
IV. CONCLUSIONS
Making use of the MD method with analytical potentials, we simulated impacts of energetic noble-gas ions onto MWNTs. We demonstrated that irradiation gives rise to the formation of vacancies on shells of MWNTs and intershell links which appear as a result of the saturation of dangling bonds at carbon interstitials and atoms nearby the vacancies. The formation of such links under irradiation of closely related systems-bundles of single-walled nanotubes-has recently been demonstrated experimentally. 50 As the links resulted in the reinforcement of the irradiated bundles, one can expect that irradiation of MWNTs should also increase the overall MWNT mechanical properties by transferring the mechanical load to the inner shells which do not contribute to the axial reinforcement in pristine MWNTs due to very weak intershell interactions. [51] [52] [53] We further modeled high-dose ion irradiation of MWNTs. We found that irradiation gives rise to a quick amorphization of MWNTs. Unlike closely related structures with graphitic arrangement of atoms-carbon onionsMWNTs do not form nanodiamonds under irradiation. The absence of the graphite-to-diamond transition can be associated with the tubular shape of MWNTs, which makes it possible for the interstitials to easily escape from the regions with irradiation-increased pressure.
Finally, using MD and the conventional binary collision stochastic approach implemented in the code SRIM, we calculated noble-gas ion ranges in MWNTs. We showed that if the initial ion velocity vector is oriented perpendicular to the tube axis as, e.g., in experiments on ion irradiation of individual MWNTs (Ref. 7 and 8) , the MD and SRIM results are in a good agreement. Thus, although MWNTs are highly anisotropic materials, the SRIM code can be used for estimating the ion ranges at normal incidence of the ions. This result is particularly important as SRIM has been repeatedly used for estimating the irradiation-induced damage in MWNTs, although the code applicability is not clear a priori due to nanometer size and highly anisotropic structure of MWNTs.
However, if the angle between the ion velocity vector and tube axis is small, the SRIM code fails, as incident ions with even relatively low energies can travel hundreds of nanometers through the empty cores of MWNTs. Efficient ion channeling through the inner cores of MWNTs can be used for creating principally new devices for ion beam steering at the nanoscale. The studies on heavy ion channeling in MWNTs are underway.
